We have investigated the behaviour of coat protein deletion mutants of the geminivirus African cassava mosaic virus (ACMV) when introduced into Nicotiana benthamiana by agroinoculation. In dividing callus tissue, replicating mutant DNA A, in the absence of DNA B, remained subgenomic in size. However, systemic infection of plants was associated with the rapid reversion of the deletion mutants to native component size, as happened when the mutants were introduced into the host by more conventional mechanical inoculation procedures. The results contrast with those reported for tomato golden mosaic virus (TGMV) for which similar mutants, agroinoculated into N. benthamiana, remained subgenomic. The results indicate that the inoculation route is not responsible for the different behaviour of ACMV and TGMV mutants and illustrate a significant difference between the interaction of these otherwise closely related geminiviruses with a common host that might be exploited for the investigation of the determinants of DNA replication and spread.
INTRODUCTION
The isolation of a mutant of the geminivirus African cassava mosaic virus (ACMV, previously known as cassava latent virus) generated in vivo and defective in coat protein synthesis demonstrated that the coat protein of whitefly-transmitted geminiviruses is not essential for infection . On the basis of this observation, rudimentary multicopy coat protein replacement vectors have been constructed from ACMV (Ward et al., 1988; Etessami et al., 1988) and tomato golden mosaic virus (TGMV; Hayes et al., 1988a) with which to introduce and express bacterial or viral genes in plants. Coat protein deletion mutants of ACMV are infectious in Nicotiana benthamiana when both DNAs A and B (formerly 1 and 2) are introduced, as linear dsDNAs excised from the cloning vector, into this host by mechanical abrasion of newly expanding leaves . The onset of symptom development was delayed relative to infection with full-length DNA A and as a consequence symptoms were attenuated although severe leaf curling and chlorosis typical of ACMV infection frequently developed in the upper leaves. Somewhat surprisingly, with the exception of a mutant containing a relatively small, 76 bp, deletion , infection was associated with reversion of the subgenomic component (deletion sizes ranging from 195 to 961 bp) to a size similar to that found in a wild-type infection (approximately 2.8 kbp). The reversion was brought about either by intermolecular recombination with DNA B or the generation of extensive tandem repeats of sequences adjacent to the deletion point during DNA replication . As this effect was observed in the absence of coat protein synthesis it is obviously not a consequence of packaging constraints.
Subgenomic forms of TGMV DNA A containing extensive deletions within the coat protein gene are also infectious when introduced into N. benthamiana by agroinoculation (Grimsley et al., 1986 (Grimsley et al., , 1987 if DNA B was either co-agroinoculated (Hayes et al., 1988b) or produced in vivo 0000-8911 © 1989 SGM by recombination from multimeric copies integrated into the host genome (Gardiner et al., 1988) . On both occasions, symptoms were again delayed and greatly attenuated although, in contrast to infections with ACMV subgenomic DNA A, severe symptoms did not eventually develop. Furthermore, exclusively subgenomic DNA A was found in extracts of systemically infected leaf material. The correlation between symptom severity and the ability of the subgenomic component to increase in size has prompted the suggestion that a specific size is necessary for efficient cell-to-cell spread of the viral DNA . In this communication, we describe the progeny of agroinoculated subgenomic forms of ACMV DNA A and show that the previously observed difference in behaviour of ACMV and TGMV did not result from the different inoculation procedures adopted to introduce the viral DNA into plants.
METHODS
Clone construction. ACMV (Kenyan isolate; Stanley & Gay, 1983 ) deletion mutants pCLV. CPA1 l and pCLV. CPA13 (previously pET012; Ward et al., 1988) were chosen for clone construction because they contain deletions comparable to those of the described TGMV mutants. Briefly, the mutants were constructed as follows. Sequences from the DraI(224) site, located immediately downstream of the common region, to the Scai(943) site within the coat protein gene were deleted from pJS092 (Stanley, 1983) and replaced with a BamHI linker (at which site the mutant has been cloned) to produce a net deletion of 712 bp in pCLV. CPA11. This mutant has been shown to be infectious when mechanically inoculated as an excised linear dsDNA clone insert onto N. benthamiana . The 727 bp EcoRV(467)-EcoRV(1194) fragment, containing most of the coat protein-coding region, was deleted from DNA A and the residual fragment was cloned at the now unique BamHI(291) site to give pCLV. CPA 13. Although it contains a deletion of similar size to that of pCLV. CPA 11, pCLV. CPA 13 has not been successfully mechanically transmitted to N. benthamiana (Ward et al., 1988) . Both mutants were cloned as tandem repeats into the BamHI site of the Agrobacterium binary vector pBinl 9 (Bevan, 1984) to give pBin. 2CPA11 and pBin. 2CPA13.
Due to the difficulty of cloning multimeric forms of DNA A from the Kenyan isolate of ACMV, a tandem repeat of DNA A was cloned into the BamHI site of pBin 19 using the full-length BamHI clone (pNIG008; Stanley et al., 1985) constructed from the closely related Nigerian isolate of ACMV to give pBin. N2A. Subsequently, the EcoRI(2732)-2779/1-Mlu(734) fragment from DNA A (Kenyan isolate) was cloned as an EcoRI fragment from pJS092 into Bluescript M 13(-) (Stratagene) to give pCLV. 0.3A (constructed by R. W. Briddon). Full-length DNA A from pJS092 was cloned at the unique MluI site of pCLV. 0.3A to give pCLV. 1.3A and the insert was subcloned into pBinl9 using the flanking HindIII and XbaI sites to give pBin. 1.3A.
Full-length DNA B (Kenyan isolate) was excised from pJS094 (Stanley, 1983) , circularized using DNA ligase and subcloned at its unique EcoRI(1528) site into M13mpl8 to give pCLV.B. A tandem repeat ofDNA B from this construct was cloned into the EcoRI site of pBinl9 to give pBin.2B (constructed by A. Ward).
Agroinoculation of constructs. Recombinant pBin 19 constructs were mobilized from Escherichia coli JM83 into A. tumefaciens strain LBA4404 (Hoekema et al., 1983) by triparental mating (Ditta et al., 1980) and transc0njugants were selected for their resistance to kanamycin and rifampicin (both at 50 p.g/ml). The integrity of the cloned geminivirus DNA in Agrobacterium was verified by Southern blot analysis (Southern, 1975) .
The ability of the cloned DNA to replicate after Agrobacterium-mediated inoculation was tested in N. benthamiana leaf discs (Horsch et al., 1985; Horsch & Klee, 1986) . Leaf discs, incubated on precallusing plates for 24 h at 25 °C under continuous lighting, were dipped into an overnight culture of the appropriate transconjugant and returned to the plates for a further 48 h. Leaf discs were transferred to selective medium containing 500 ktg/ml carbenicillin and 100 ktg/ml kanamycin and incubated for a further 1 to 2 weeks.
Infectivity of the deletion mutants was tested by agroinoculation (Grimsley et aL, 1986 (Grimsley et aL, , 1987 ofN. benthamiana. Agrobacterium cultures were grown for 2 days on selective plates, suspended in 1 ml L broth and inocula were prepared by mixing equal volumes of transconjugants containing full-length or deletion mutants of DNA A and full-length DNA B. Agrobacterium was introduced into 2 to 3-week-old N. benthamiana either by pin pricking stems (approximately 1 cm above the soil) through inocula or by the application of 10 ~tl aliquots onto stem apices from which the tips had been removed. Plants were maintained at 25 °C with natural daylight supplemented to a 16 h photoperiod with mercury halide lamps. Agroinoculated plants were maintained in a MAFF-approved glasshouse from which all plant material and soil was sterilized by incineration after use.
Analysis of progeny. Total cellular nucleic acids were extracted from leaf discs or systemically infected leaf material as described (Covey & Hull, 1981) and 2,5 og aliquots were digested as appropriate and analysed by Southern blotting (Southern, 1975) following sample depurination (Wahl et al., 1979) . Blots were probed with gelpurified 'oligolabelled' fragments (Feinberg & Vogelstein, 1983) 
RESULTS

Replication of deletion mutants in leaf discs
The ability of the ACMV deletion mutants to replicate was investigated by agroinoculation of N. benthamiana leaf discs. Both pBin.2CPAll and pBin.2CPA13 produced a predominant product (Fig. 1 a, lanes 1 and 2) that migrated fractionally slower than fullqength ssDNA (lanes 3 and 8). Digestion using BamHI produced a single product in each case (lanes 6 and 7) that comigrated with the subgenomic insert of pCLV. CPA 11 (lane 4) identifying the two products in lanes 1 and 2 as supercoiled (sc) and open-circular (oc) DNA. No product was detected in lanes 6 and 7 that comigrated with linearized full-length DNA A (lane 5).
Leaf discs were co-agroinoculated with pBin.2CPAll or pBin.2CPA13 together with pBin. 2B to investigate any possible effect of DNA B on replication of the subgenomic DNA A (Fig. 1 b) . Again, linearization of the progeny dsDNA with BamHI showed that both mutant DNAs had remained subgenomic in size both in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of DNA B; lanes 8 and 10 indicate that DNA B was being efficiently replicated by DNA A under these conditions. After extended exposure of this blot, minor products comigrating with linearized full-length DNA A (lane 6) were apparent in extracts of leaf discs co-agroinoculated with DNA B (lanes 2 and 4) but not in the absence of this genomic component (lanes 1 and 2) (data not shown).
Infectivity of deletion mutants after agroinoculation
Owing to early difficulties encountered when attempting to clone dimers of DNA A of the Kenyan isolate of ACMV (from which the deletion mutants were derived), a tandem repeat of DNA A from the closely related Nigerian isolate (pBin.N2A) was initially used for agroinoculation purposes. The genomic components of the Kenyan and Nigerian isolates are considered to be interchangeable in these experiments because, although the isolates are distinguishable by the relative mobilities of their coat proteins in polyacrylamide gels and the symptoms they induce in Nieotiana tabacum, the cloned DNAs are highly homologous, can form viable pseudorecombinants, are equally infectious and elicit similar symptoms in N. benthamiana (Stanley et al., 1985) . A construct containing 1.3 copies of DNA A of the Kenyan isolate (pBin. 1.3A) was eventually produced which, as anticipated, had characteristics similar to pBin. N2A. Both constructs produced systemic symptoms in N. benthamiana 10 to 14 days after co-agroinoculation with pBin. 2B. Both agroinoculation routes, in which the inoculum is introduced either onto decapitated shoots or into the lower region of the stem by pin pricking, resulted in infection (Table 1 ). The onset of symptom development using the former method was difficult to define owing to the disruption of the growing tip of the plant but was generally preceded by the latter by 1 to 2 days.
Deletion mutants pBin.2CPAll and pBin.2CPA13 were both infectious when coagroinoculated with pBin. 2B onto N. benthamiana using either agroinoculation route. Virusspecific DNA could not be detected in the upper leaves by dot blotting 1 to 2 days before the onset of symptom development (data not shown). For both mutants, symptoms were delayed by at least 1 week when compared with the full-length DNA A constructs pBin. N2A and pBin. 1.3A and as a result, plants became much less stunted and symptom severity was reduced. However, symptoms associated with both constructs eventually included both leaf curling and a chlorotic host response typical of ACMV infection. Often, plants infected with the deletion mutants recovered to produce asymptomatic shoots in which no viral DNA could be detected.
Analysis of deletion mutant progeny
Total nucleic acid was extracted from systemically infected leaves of stem-agroinoculated plants and the viral DNA was characterized by Southern blot analysis (Fig. 2) . The predominant virus-specific DNA form from plants infected with the deletion mutants (lanes 5 and 9) comigrated with full-length scDNA (lane 1). A minor, faster migrating product in each case comigrated with full-length ssDNA, the predominant DNA form resulting from coagroinoculation of the full-length genomic components (lane 3); significantly reduced levels of Ward et al., 1988) . D N A A of the K e n y a n isolate and the deletion mutants derived from it contain a unique Clai (2403) comigrated with the cloned subgenomic DNA inserts of pCLV.CPA11 and pCLV.CPA13 (lanes 4 and 8) . Digestion of the scDNA with BamHI in each case produced two fragments (lanes 7 and 11) of approximately 2.1 kbp (comigrating with the respective cloned subgenomic DNA insert) and 600 bp.
DISCUSSION Using agroinoculation we have demonstrated that in the absence of DNA B, and hence in the absence of viral DNA spread, ACMV coat protein deletion mutants contained within pBin. 2CPA11 and pBin. 2CPA13 can excise, independently replicate and maintain their size in actively dividing callus tissue, consistent with the earlier report on the replication of pCLV. C PA 11 insert in N. tabacum protoplasts . In addition, both deletion mutants are infectious when co-agroinoculated with pBin. 2B onto N. benthamiana. The ability to infect plants with pBin. 2CPA13 by agroinoculation, when earlier attempts by mechanical inoculation of pCLV.CPA13 insert onto leaves were unsuccessful (Ward et aL, 1988) , presumably reflects the enhanced efficiency of the agroinoculation process (Elmer et aL, 1988a) .
Deletion mutants of DNA A have previously been demonstrated to have the propensity for size reversion when mechanically inoculated onto N. benthamiana as linearized dsDNA . The absence of ACMV subgenomic DNA A in systemically infected leaves subsequent to mechanical inoculation was explained by proposing size constraints imposed on the viral DNA in order for it to spread from the primary point(s) of infection into the vascular system prior to systemic infection of the plant. It can be argued that introduction of the viral DNA in this manner necessitates cell-to-cell spread and hence the observed size increase, while agroinoculation bypasses this step, providing an explanation for the contrasting behaviour of agroinoculated TGMV deletion mutants which remain of subgenomic size (Gardiner et aL, 1988; Hayes et aL, 1988 b) . Although the presence of low levels of subgenomic DNA in extracts from plants agroinoculated with the ACMV deletion mutants indicates that they are capable of spreading systemically when introduced into plants by this route, we demonstrate that most viral DNA is of a size similar to that of the native component. The difference in behaviour of the ACMV and TGMV mutants in N. benthamiana therefore is not a consequence of the use of different inoculation procedures but of the ability of ACMV mutants to revert in size, not seen for TGMV. It should be emphasized that mutants pCLV.CPAll and pCLV.CPA13 were selected for this investigation because they contain deletions (712 and 727 bp) comparable to that of the TGMV mutant CP-4 (711 bp ; Gardiner et aL, 1988) and, in particular, the coordinates of the deleted sequences in pCLV. CPA13 and CP-4, located just within the aminoand carboxy-termini of the coat protein, are extremely similar.
Although both ACMV deletion mutants are cloned at unique BamHI sites, digestion of the revertants with this restriction endonuclease produces not one, but two fragments (Fig. 2, lanes 7  and 11) , the larger of which in each case comigrated with its respective subgenomic clone insert, consistent with the production of revertants by the generation of an extensive repeat sequence of about 600 bp (i.e. the size of the smaller fragment). Size reversion of ACMV deletion mutants has been shown previously to occur by the generation of tandem repeat sequences adjacent to the point of deletion . However, the manner in which the standard genome size of approximately 2.8 kbp is defined remains obscure. Because a close regulatory association of DNAs A and B during replication might be anticipated, the genomic DNA itself might participate as a template (DNA B invariably has a similar, although slightly smaller size). The results of Fig. 1 (b) indicate that the mutant DNA remains predominantly subgenomic in size even in the presence of replicating DNA B in leaf discs, arguing against this suggestion; the small amount of revertant DNA A observed in leaf discs, specifically in the presence of DNA B, is possibly spreading to, and being amplified in, non-callus tissue that is not available to the subgenomic DNA.
Because the extent of replication of the ACMV deletion mutants in leaf discs is comparable with that of full-length DNA A, as judged by the levels of scDNA (Fig. 1 a, lanes ! to 3) , the fact that the level of subgenomic DNA in plants is extremely low suggests that size reversion and selection occurs at an early stage of infection. It is possible that spread of TGMV is not subjected to size constraints. If this is the case, mechanically inoculated TGMV deletion mutants should remain subgenomic in size. Unfortunately, the only reported attempt at mechanical inoculation of such a mutant to N. benthamiana was unsuccessful (Brough et al., 1988) although it was subsequently successfully agroinoculated (Hayes et al., 1988b) and in this respect resembles pCLV. CPA13. However, if the spread of TGMV deletion mutants is impeded as we suggest, infection should be associated with decreased levels of viral DNA. This appears to be the case. In at least one instance, in which both TGMV components are introduced by agroinoculation, attenuated symptoms are associated with an approximate five-fold decrease in the amount of virus-specific DNA (see Fig. 3 in Hayes et al., 1988b) . Although the results appear more variable, decreased yields are also seen when the TGMV subgenomic DNA is agroinoculated onto transgenic plants containing integrated multimers of DNA B (see Fig. 4 and 5 in Gardiner  et al., 1988) . In contrast, the levels of ACMV full-length and revertant DNA A are comparable in leaves showing similar severity of symptoms (Fig. 2, compare lane 3 with lanes 6 and 10) .
The difference in behaviour of ACMV and TGMV might reflect adaptation to their respective natural hosts Manihot esculenta (cassava) and Lycopersieon esculentum (tomato). This implies that their gene products that participate in DNA replication or spread ( In an identical host background, the fact that ACMV deletion mutants rapidly revert in size while those of TGMV remain subgenomic indicates significant behavioural difference between these closely related viruses which might be exploited for the investigation of the determinants of DNA replication and spread.
